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f I(o)
~

Poth /A ~ ~(o)

(0Hz) (psec) (W/cui2) (sec~~) (sec~~) (cm)

3.4 3 645 3.2 x 106 2.5 x lO~ 73

— 5,5 4 987 4 .3 x io6 4.0 x 65

- 
8.6 5 564 4. 2 x io6 5.0 x l0~ 85

Table 1. Calculated value of threshold interaction length
for several pump frequencies.
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FIGURE CAPTIONS

Fig. 1 Vavenu~~er of ion waves versus incident electromagnetic vavenuaber.

Pig. 2(a) Ion wave amplitude (z — 60cm) versus incident power (r~ — 4 psec).

Fig. 2(b) Scattered power versus incident power (~~ — 4 psec) .

Pig. 3 Spatial variation of density fluctuation amplitude (r~ — 4 lisec) .
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Pig. 1 Wavsm~ber of ion waves versus incident electro magn’.tic vavent~~ er. ‘I
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Fig. 3 Spatial variation of density fluctuation amplitude (t~ — 4 ~asec).
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noted that the ion frequency during the rf pulse may be considerably different
than that measured afterwards since we are in the strong p~mip limit

3
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The soliton flash is observed in an unmagnetized in homogeneous labor—

atory plasma . The Langmuir wave energy is observed to narrow spatially and

to rapidly grow to its peak value at T 24 and then collapse. Co—

inc ident with this flash are increased hot electron production (ch > 10

a large increase in the ion wave energy and the max imum growth rate of the

spontaneou s magnetic field.
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The absorption of electromagnet ic energy in the vic in it y of the

crit ical layer (w0 ~ w~(x~) is of importance both to laser pellet fusion

and rf heating of magnet ically con f ined plasmas. In laser fu sion , much

attention has been given to the process of resonance absorption.~~
’4 Here,

an electromagnetic wave, obliquely Incident to the plasma density

grad ient , is partially reflseted at the cutoff layer 
~~ 

w~ (x~0
)/cosO,

and tunnels to the critical layer where the parallel component of the

electr ic f ield generates Languiu ir waves, which in turn deposit their

energy as they propagate down the density gradient. In addition, the

ponderomotive force due to the spatially localized field can expel plasma

lead ing to a density cavity and associated density streamers.5 Numer —

ical solut ions of the mode—couplin g equations appl ied to the resonanc e

absorpt ion probl en predict tha t the Langmuir soliton , a f t e r growing to
• large amplitude, suddenly decreases in amplitud e at 13. This

process has been referred to as “Soliton Flash.”5’6 Associated with the

decrease in the Langmuir wave energy is a concomitant increase in ion

acoustic wave energy. After the flash, the pump energy is converted di—

rectly into ion waves. Since such processes as spontaneous magnetic field

generation ,7 hot elect ron production, and return current driven ion acous-

tic instabil it ies8 depend sensit ively on the details of resonance absorp—

tins, it is of importance to experimentally examine the spec if ic predic-

tions of the Soliton Flash t heory .

- - - - - - ‘ I -



—— 
- 

—— 
-

- 
- Herein we present results on the observation of the soliton fla sh

- • 
and its relation to the above mentioned phenomena. The experiments were

performed in a cylindrical unmagnetized plasma (60 cm d iam , 80 cm length)

produced by a usilti—filament discharge. Pulsed microwave radiation

(f — (w~/2n) 3GHz) of typical risetime 10 nsec is launched from

a gridded horn (aperture 2 A0) along the n—axis. The plasma density

increases along z (nI dn/ dz I~ ~ 50 cm 5 A
0
). There is also a relative—

ly gentle density gradient parallel to the main component of the incident

electric f ield E
~ 

(n~dn/dx f~~ ~ 200 cm). Typical plasma parameters are

i0~’ cm 3
, Te 2.5 eV, T5/T1 10, n~ 1013 cm~~ and electron col-

lision frequency v/w0 l0~~. The calculated value of 
~vac 

— E 2 /8irnICT

is approximately 1% at an inc ident power of 2. 4 kW, where EvaciS the

vacuum field strength. This is approximately the external energy density

smployed in the calculations of Ref. 5 and 6 and the highest power uti-

lized in the present experiments.

The soliton fla sh is clearly evident in Fig . 1 which displays the

time evolution of the high f requency electric f ield intensity in the vicin-

ity of the critical layer. The result of Els~sser and Schamel6 is also

shown for comparison purposes. As can be seen from Fig. 1(a), the electric

field intensity In it ially grows gradually In amplitude, and at t 24

abruptly decreases as predicted theoretically. The flash time, as well as

the detailed shape of the electric field curve [see Pig . 1(b)], are in 

: ~~~~~~~~~~~~~~~~~~~



- 
- _ .

~~~~~~~~~~~~~~~~. - ~~~~~~~

— 3 —

-: r easonable agr eement (factor of 2) with the prediction of Els sser and

Schanel 
~ ‘pi r 13). Furthermore, we invest igated the scaling of the

flash time with ion mass for a var iety of ion species (H, He, He, Ar and

Kr) and found it to vary as mi?’2 as predicted theoretically. In addition,

the flash time T was found to be weakly dependent on incident power once

the threshold field strength 
~~~~ 

— 0.05% was exceeded (r  ~
In Pig. 2 are shown the temporal evolution of the axial distribution

of the elect ric field intensity and the density cavity. The posit ion of

the resonance layer was identified both by a det ermination of the sourée

region for the density streamers observed to propagate up and down the

density gradient ~, and also by a mea surement of the’ axial electric f ield

profile at low power which clearly showed the cutoff and resonant layers.

As can be seen f rom Fig. 2(a), the electric field init ially both narrows

spatially and grows in amplitude. After the flash, the high frequency I ”

field energy abruptly decreases even if the microwave ptmip field is main—

tam ed at constant amplitude, as is predicted by theory.6 In Fig . 2 (b)

is shown the evolution of the density cavity. At the soliton flash, the

development of a large density cavity occur s in the same reg ion where the

field intensity max imizes. Using our measured values of the streamer ax-

— t rema and the temporal width of the field collapse , we find the observed

half width of the soliton (~x ~ 2 cm) to be In good agreement with the

predictions of E1s~sser and ScMmel .6

I.  
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Coincident with the Soliton Flash, a large borst of hot electrons

(c > lOt5) is observed with both a retarding grid energy analyzer (see
- Fig. 3) and a Langmu lr probe where t~ is the electron thermal energy.

Af t er the collapse, the hot electron current decreases to approximately

15% of its peak value. This is to be expected from the numer ical solu—

tions5’6 where fl exceed s unity at the time of collapse even for an

init ial 
~vac ~ lO

_2
. Therefore, the wave—breaking amplitude9’10 is

reached for the resonantly driven electron waves and strong hot electr on

production is observed. - ;

The eieetric field strength may be est ima ted by several methods. - -~

First, from the mea sured hot electron energy, the wav e breaking velocity

Vbr is obtained yielding 
~~r 

— vbrmwo/# 2.8kV/cm. Second, from Ref. 10 1

Vbr — 1.2 Vd (W0L/Ve) (1)

• where Vd — eEdfmwO, ~e 
is the electron thermal veloc ity and L is the

density scale length. Using our parameters Eq. (1) yield s vbr 3 x lO8cmf see

or Ebr 2. 4kV/cm. The high frequency electric field may also be est imated

f rom the maximum amplitude of the ion wave streamer , 6
~max~

’
~’ using the

relation5

— 
1E 1

2 1 + 82 
(2)

4WnoK~
Te 0. 76 n B

wher e B — Z0/c5t0 with the width of the soliton and the temporal

width of the collapse. Using our measured values of Z~, 
~~ 

and

W2 
• 2.2 Ci... E5 1.1kV/cm) is obtained which is in reasonable agreement

- 
- 

- - 

with the above mentioned hot electron measurements. -
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,~~~~~~



-- - . - - ~~~~~~~~~~~~~
- 

5-

~~~~~~~~~
-- -~~ --_-_-—--—,— -~ - _-

~~~~~~~~ --•-
- _

— 5 —

- - 

The spatial and temporal dependence of the quasi—static magnet ic

- field produced by r. -,nance absorption~~ ’~
2 was Investigate1 and found

‘ C

to be closely related to the soliton flash. As shown in Fig. 3, the

max imum growth rat, of the aagnetic field for w~~t ~ 100 is found to co-

incide with the soliton flash time rega rdless of spatial position. This

coincidence seems consistent since as discussed earlier, the soliton

flash induces hot electron emission due to wave breaking, and the asso— -

d ated currents can produce the observed magnetic fields.

The electron distribut ion func t ion was investigated in considerable

detail. It was found that the hot electron reg ion has an abrupt cutoff

and that the high energy tail has two temperatures, with the lower energy

portion comprising approximately 2.5% of the total electron population

while the higher energy region contains 12 of the electrons. These hot

electrons are mainly emit t ed toward the underdense plasma . The break

point between the two regions ~E is found to scale with incident rf power

as P°85 for P < 500W (n < 2x10 3) and to be relatively Independent of

power for P > 500W [see Pig. 4(a)]. The temperature of the lower energy

region increases as P072 as also shown in Fig . 4(a) ,while that of the

higher energy region increases as P°32. It is instructive to compare

these results wit h the models of Fors1und at al. 23 and Aibr itton et ~~~~~~~~~~~~

They appear to predict only a single hot electron temp erature which for

lover intensitie s scales as T~ ~ P°6 7  while for higher intensities
~ p0.25 , Ther efore , the two temperature hot electron distribution

I _ - 
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appears to require further theoretical explanat ion. The calculated hot

electron density is 42 , using Eq. (6) from Ref. 14, whIc1~ is in reason—

able agreement with the experimental results . It should bd ~~ted that

similar hot electron distribut ions have been observed in other microwave

simulation experiments. 25

The ion wave energy was invest igated as a funct ion of time. This

was done by varying the width of the incident microwave pulse and monitor-

ing the peak to peak amplitude of the ion wave streamers at a fixed spa-

tial position and time after rf turn—off (~~ 20iieec). The choice of meas-

urement time is not crit ical due to the weak wave damping. An example of

the data is shown in Fig . 4 (b) . As can be seen in Ti8. 4 (b) , the ion wave

energy increases exponentially until the Soliton Flash occurs and then

becomes relatively constant for further increase in pulse duration . The

initial growth time is about 40nsec (~~ w~~
’1) in this example. These re-

sults are in agreement with the numerical calculations of Ref . 6. The

streamer amplitude 6n/n is found to scale with rf power as P° 8  for

%~~~~~ 
~ 2 x l0~~ while the flash peak electric field intensity E2 scales

as ,1.8
• Referring to Eq. (2) we see that the above Implies that B P1°

since B ~ 20 for our parameters. For 2 x l0~~ ( ~ i0 2, the streamer

amplitude is essentially constant and strong high frequency turbulence

(f ~ f~~) ii observed , with now scaling as

In addition to the above mentioned low frequency ion wave streamers ,

we observe high frequency (w/w~~ 0.14) relatively cohere~t. Ion waves

possibly due to cold elect ron return curr ent dr iven instabilit ies . These

-
~~~~~~~~
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exist both in the region )I
~/2 below the critical layer (essentially,

between the resonance and cutoff layers) and the region el1~ itly above t
- crit ical (~~ 0.1 0.2X

~
). For 

%ac ~ ~ z 10~~, &n/n ~ P~ ’~ fSr these

waves. For 
~vac ~ 

x 10~ (in the region where the solit ion flash sets

In) 6n/n is relat ively independent of the power and higher frequency

modes start.

That the soliton flash occurs at the cutoff, not the resonance

layer , was Investigated in detail. The high frequency electric f ield

energy is found to propagate both up and down the density grad ient after

the Soliton Flash. The upstream energy, or wave packet , with a velocity

of 0.05 - O .1V5, reaches the resonance layer where it d isappears and

simultaneously ion wave streamers are observed to be emitted from the

resonance layer . The down streaming packet has a velocity of Ve/3~ and

disappears within a few centimeters.

In conclusion, we have observed behavior in agreement with the

Soliton Flash theory5’6. It should be noted that some of the features

described here, such as the initial rapid growth and subsequent decay of

the high frequency field , have been observed previously in a simple Ca-

pacitor plate geometry16’ However, since the source and detector respon—

sivity were limited to w~~t 416 the authors were unable to make the de—

tailed comparison with theory described herein. Furthermore, herein the 1!

Soliton Flash was found to be correlated with such phenomena as spontan—

: —  eons magnetic field generation and hot electron production . The channel—

1mg of rf energy into ion waves observed in th. presen t experiment appears

to be of particular relevanc e to the process of energy absorption in

laser pellet fu sion.

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ r: - 



“

~~~~

“

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

ACKNOWLEDGEMENTS

We would like to thank C. Huffman of Varian Associates and$J. Quinn of
E1.NAC for their generous assistance which made these studies po~s’Lble. This 

- 
-

work was supported in part by the Office of Laser Fusion, U. S. Depar tment of
Energy, Contract No. DE—A503—SP00034, PA DE—ATO3—76 DP4001O and U. S. Air
Force Office of Scientific Research , Contract No. P49620—76—C—00 12.

S

r

a

4—



_ .~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _

REFERENCE S

l. V. L. Kruer, R. A. Haas,’W. C. h ead , B. V. Phillon and V. d. Ruper t , in
!lasma Physics (Plenum Publishing Corp., New York) 1977.

2. C. E. Max, Bull. Am. Phys. Soc . 1977.

3. T. Speziale and P. J. Catto , Phys. Fluids 20, 990 (1977).

- - 4. B. V. Forsiund , J. N. ICindel , K. Lee, E. L. Lindman and R . L. Morse,
Phys. Rev ., All , 679 (1975) .

5. H. Schamel and K. Elsãsser, Plasma Physics 20, 837 (1978).

6. K Elsässer and N. Schamel , Plasma Physics 19, 1055 (1977).

7. C. E. Max, V. N. Manheimer andJ . J. Thomson, Phys. Fluids 21, 128 (1978) .

8. V. Manheimer and B. C. Coloinbant , Phys. Fluids 21, 1818 (l978L

9. K. C. Estabrook, E. 3. Valeo and V. L. Kruer , Phys. Flu ids 18, 1151 (1975) .

10. V. L. Kruer, Phys. Fluids 22 , 1111 (1979) .

11. V. P. DiVergilio, A. Y. Wong , H. C. Kim and Y. C. Lee, Phys , Rev. Lett . 38,
541 (1977).

12. S. P. Obenschain and N. C. Luhaann, Jr., Phys. Rev. Lett. 42 , 311 (1979).

13. D. V. Porslund, 3. N. Kindel and K. Lee, Phys. Rev. Lett. 39, 284 (1977).

14. 3. R. Aibritton, E. I. Thorsos , and E. A. Williams, (private comaunication,
to be published) 1978.

- 

- - 

- 15. V. F. DiVergilio, (private comaunication) 1979.

16. A. Y. Wong, in Laser Interaction and Related Plasma Phenomena, Vol . 43, edited
by H. 3. Schvarz and H. Hora (Phenum Press, New York) 1977 ~nd references
therein.

_ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- ---

~~~~~~~~~~~~~~~~~~~~~~~~~ i~~~~~~~~~~~~~~~~~~~~~~ ; ~~~~~~~~~~~~~ ______ _ _ _ _ _ _



riii ~ 
-

~~

FIGURE CAPTIONS

Fig. 1(a) Electric field Intensity, E2, as a function of time. Upper
trace shows the microwave pulse shape (pulse width is 5~s).

(b) Numerical result after Ref . 6.

Fig. 2 The evolution of the axial distribution of (a) the electr ic
field, and (b) the density cavity. The resonance layer is
at 30 cm.

FIg. 3 Time dependence of the hot electron current (~~ > 10
high f requency electric field intensity 1E 12 , largest com-
ponent of the spontaneous magnetic field and its derivative
together with rf input pulse.

Fig . 4(a) Hot electron temperature, Thot , in the lower energy reg ion
and energy of the break—point , AE, as a funct ion of inc ident
power . Solid lines are least square fit s to the data using
the points below 500W.

— 

Fig . 4 (b) Ion wave streamer amplitude vs. rf pulse dura t ion. The inset
is a typ ical example of the ion wave st reamer observed in the
overdense region.
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